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論文内容要約 
Thermoelectric materials are a kind of materials that can realize the inter-conversion between thermal and electrical 
energy. Due to the growing demand for energy and lack of solution for sustainable powder generation, thermoelectric materials 
have been intensively studied in the past decade. It was found Bi based alloys or Te and Se based skutterudite and intermetallic 
such as BixSb2-xTe3 and PbTe have excellent thermoelectric properties. Unfortunately, most of these materials are suffered from 
toxicity, rarity in earth and instability. In the regard of this situation, researches have started to revisit the possibility oxides as 
the candidate of the thermoelectric materials.  
SrTiO3 and TiO2 were selected as the target material. As one of the representative oxide, doped SrTiO3 has good 
thermoelectric properties owing to the addition of the dopant elements like Y, Sm and La. Moreover, the oxygen vacancies 
existed in doped SrTiO3 play a significant role in the improvement of the thermoelectric properties. In our research, we would 
like to look for a new method of introducing oxygen vacancies into SrTiO3, instead of using rare elements. On the other hand, 
there are several researches about the effect of oxygen vacancies on their electrical properties in TiO-TiO2 system (Magneli 
phase). With the introduction of oxygen vacancies, the electrical conductivity of the materials was improved. Moreover, the 
introduced oxygen vacancies were distributed orderly in the matrix and formed a unique crystallographic structure, named 
shear plane. This kind of shear plane could act as the scattering centers of phonons which will make a contribution on the 
depression of the thermal conductivity. However, there are few studies on the thermoelectric properties of these materials.  
In this study, the thermoelectric properties of these materials were evaluated and the effect of oxygen vacancies on the 
thermoelectric properties was investigated. As to the method of introducing oxygen vacancies into the matrix, two methods 
were considered. The one is to try to incorporate graphene into the oxide. As we all known, graphene has excellent physical 
and electrical properties. Furthermore, in the research of graphene based composites, there exists the synergistic effect between 
graphene and the matrix, and the thermoelectric properties of the composites were improved by the addition of graphene. 
Therefore in our experiment, the SrTiO3/graphene and the Magneli phase/graphene composites were fabricated and the 
thermoelectric properties was evaluated. The effect of graphene on the thermoelectric properties of these materials was also 
investigated.   
For the SrTiO3/graphene composites, a novel, fast and effective method for preparing oxygen deficient 
perovskite by incorporation with graphene was demonstrated. Through surface modification of SrTiO3 and a 
hetero-aggregation method to obtain uniform mixing between SrTiO3 powder and GO before densification, a fully 
dense SrTiO3/reduced graphene oxide (RGO) composite with homogeneous dispersion of 0.64vol.% RGO in matrix 
has been achieved in this study. It was found that with this low filler content, the composite displays highly enhanced 
electrical conductivity and much depressed thermal conductivity in comparison to hydrogen reduced SrTiO3. The 
electrical conductivity of SrTiO3/RGO composite could reach 4669Sm
-1
 at 470K while the electrical conductivity of 
the pure SrTiO3 sample was merely 64.0Sm
-1
. At the same time, the Seebeck coefficient of SrTiO3/RGO composite 
was -384μVK
-1
 which was only decreased by 16% compared with pure SrTiO3. On the other hand, the thermal 
conductivity of the SrTiO3/RGO composites was 3.7Wm
-1
K
-1
 at 760K, which decreased by 26% compared with 
pure SrTiO3 samples. As the results, the dimensionless figure of merit of SrTiO3/RGO composite could reach 0.09 at 
760K without any foreign dopant, which were 2 orders higher than that of pure SrTiO3 sample. Further investigation 
reveals that the highly increased electrical conductivity mainly arises from the oxygen vacancy induced by mildly 
reaction between RGO and SrTiO3, which was much more effective than the traditional method via long-time 
hydrogen reduction. Moreover, the introduced oxygen vacancies made an increase in effective mass of the SrTiO3 
matrix, leading the Seebeck coefficient was largely retained. Meanwhile, the thermal conductivity was decreased 
owning to the highly restrained average grain size induced by RGO. Therefore, incorporating with graphene could 
be a very effective, convenient and novel method for modulating the thermoelectric properties of perovskite 
ceramics.  
As another target material, the single Magneli phase were prepared by the hydrogen reduction method using TiO2 rutile 
powders. With the increase in reducing time at fixed reducing temperature (1253K), the phase changed from TiO2 to Ti9O17, to 
mixed phases of Ti6O11 and Ti5O9, and finally to Ti4O7, have been observed. Similarly, the phase transition from TiO2 to Ti9O17 
and Ti4O7 was also observed with the increase in reducing temperature at fixed reducing time (8h). Moreover, the single 
Magneli phase sintered compacts of Ti9O17 and Ti4O7 were successfully fabricated by hydrogen reduction and SPS sintering. 
This is the first time to obtain the single phase of Ti9O17. For the single Magneli phase Ti4O7, the electrical conductivity of the 
single phase Ti4O7 reached 99206Sm
-1
 at the room temperature, and with the increase in temperature the electrical conductivity 
decreased gradually, reached 67024Sm
-1
 when the temperature is 760K which exhibits the metal behavior. However, for the 
single phase Ti9O17, the electrical conductivity is 6423Sm
-1
 and with the increase in temperature the electrical conductivity 
increased gradually and reached 18605Sm
-1
 when the temperature is 760K, which exhibits the semi-conductor. According to 
the result of carrier density, it may because that more oxygen vacancies were introduced in the single phase Ti4O7 during the 
hydrogen reduction process, which improved the electrical conductivity of Ti4O7, and even the semi-conductive-metal 
transition occurred. Corresponding to the result of electrical conductivity, the absolute value of Seebeck coefficient for Ti4O7 is 
lower than that of the Ti9O17. The Seebeck coefficient of Ti4O7 is only -33μV/K, while the Seebeck coefficient of Ti9O17 is 
-172μV/K at the room temperature. On the other hand, the lattice thermal conductivity of single phase Ti4O7 is 1.77 Wm
-1
K
-1
 at 
760K which is small than that of single phase Ti9O17 ( 2.81Wm
-1
K
-1
) at 760K. Owing to the longer time hydrogen reduction, 
the number of shear plane of single phase Ti4O7 is more than that of the single phase Ti9O17. Therefore the phonon scattering is 
more effective in single phase Ti4O7, what leads the lower lattice thermal conductivity of Ti4O7. However, due to the large 
electrical conductivity of the single phase Ti4O7, the electronic thermal conductivity of Ti4O7 is 1.31 Wm-1K-1 at 760K, which 
is almost six times high than that of single phase Ti9O17. As the consequence, the total thermal conductivity of the single phase 
Ti4O7 and Ti9O17 is similar to each other. Combing the result of electrical and thermal conductivity and Seebeck coefficient, the 
dimensionless figure of merit ZT value of Ti9O17 showed higher ZT value, reached 0.12 at 760K, while the dimensionless 
figure of merit ZT value of Ti9O17 is only 0.11. Furthermore, Magneli phases TinO2n-1 presents the parabolic variation as the 
stoichiometry n decreases. With the decrease in n, the ZT value increases first and then tend to decrease. Compared with the ZT 
value of other Magneli phase, the peak value of Magneli phase is Ti9O17 or the phase near to Ti9O17. 
After investigated the single Magneli phase, the Ti9O17/RGO composites were fabricated to confirm whether the RGO 
incorporated in Ti9O17 is effective to improve the thermoelectric properties of the Magneli phase. Firstly, the Single phase 
Ti9O17/RGO hybrid powders were prepared by the hydrogen reduction of TiO2/GO mixed powders. The Ti9O17/RGO 
composites were successfully fabricated by SPS sintering of the hybrid powders. The electrical conductivity of Ti9O17/RGO 
composites was largely improved and with the increase in RGO content, the electrical conductivity increased. When the RGO 
content was 2.06 Vol. %, the electrical conductivity is 19182Sm
-1 
at 760K. Combined with the TEM images of the composites, 
the added RGO in the Ti9O17 matrix has formed the net work, which may make a contribution of the carrier mobility of the 
composite. The effect of RGO on the restriction of thermal conductivity was also obvious. With the increase in the RGO 
concentration the thermal conductivity of Ti9O17/RGO composites decreased gradually. When the RGO content is 2.06Vol.%, 
the thermal conductivity became 2.45Wm
-1
K
-1
, which decreased by 22.5% compared with that of pure Magneli phase Ti9O17. 
As the result, the dimensionless figure of merit of Ti9O17/2.06vol.%RGO composite showed the higher ZT value 0.14 at 760K, 
comparing with other Ti9O17/RGO composites and single phase Ti9O17. 
In this study, the effect of graphene on the thermoelectric properties of the metal oxides/graphene composites was 
investigated. The effect of graphene on the thermoelectric properties of metal oxides/graphene was demonstrated. In 
SrTiO3/RGO composites, the oxygen vacancies were introduced by incorporating RGO into SrTiO3. Therefore the electrical 
conductivity of the SrTiO3/RGO composites was enhanced. And owing to the restricted grain size by graphene, the thermal 
conductivity of the composites was depressed. In the single Magneli phase, the introduced oxygen vacancies by hydrogen 
reduction can not only improve the electrical conductivity but also depress the thermal conductivity by forming a unique 
crystallographic structure named shear plane. In the case of Magneli phaseTi9O17/RGO composites, the electrical conductivity 
was improved by forming the net work of RGO in the matrix, that is, carrier mobility was enhanced. On the other hand, the 
existed RGO on the grain boundaries depressed the thermal conductivity of the composites. As a conclusion, the RGO could 
be expected to improve the thermoelectric properties of metal oxides/graphene composites.  
 
